H4(D10S170) gene has been identified upon its frequent rearrangement with RET in papillary thyroid tumours (RET/PTC1). The kinase ataxia telangectasia mutated (ATM) phosphorylates a limited number of downstream protein targets in response to DNA damage. We investigated the potential role of H4(D10S170) in DNA damage signaling pathways. We found that in cells treated with etoposide or ionizing radiation (IR), H4(D10S170) underwent ATM-mediated phosphorylation at Thr 434, stabilizing nuclear H4. In ataxia telangectasia cells (A-T), endogenous H4(D10S170) was localized to cytoplasm and was excluded from the nucleus. Moreover, H4(D10S170) was not phosphorylated in ATM-deficient lymphoblasts after ionizing irradiation. Inhibition of ATM kinase interfered with H4(D10S170) apoptotic activity, and expression of H4 with threonine 434 mutated in Alanine, H4
H4(D10S170) gene has been identified upon its frequent rearrangement with RET in papillary thyroid tumours (RET/PTC1). The kinase ataxia telangectasia mutated (ATM) phosphorylates a limited number of downstream protein targets in response to DNA damage. We investigated the potential role of H4(D10S170) in DNA damage signaling pathways. We found that in cells treated with etoposide or ionizing radiation (IR), H4(D10S170) underwent ATM-mediated phosphorylation at Thr 434, stabilizing nuclear H4. In ataxia telangectasia cells (A-T), endogenous H4(D10S170) was localized to cytoplasm and was excluded from the nucleus. Moreover, H4(D10S170) was not phosphorylated in ATM-deficient lymphoblasts after ionizing irradiation. Inhibition of ATM kinase interfered with H4(D10S170) apoptotic activity, and expression of H4 with threonine 434 mutated in Alanine, H4 T434A , protected the cells from genotoxic stress-induced apoptosis. Most importantly, after exposure to IR we found that silencing of H4(D10S170) in mammalian cells increased cell survival, as shown by clonogenic assay, allows for DNA synthesis as evaluated by bromodeoxyuridine incorporation and permits cells to progress into mitosis as demonstrated by phosphorylation on Histone H3. Our results suggest that H4(D10S170) is involved in cellular response to DNA damage ATM-mediated, and that the impairment of H4(D10S170) gene function might
Introduction
Chromosomal rearrangements involving the RET gene, known as RET/PTC, are prevalent in thyroid papillary carcinomas from patients with radiation history (Nikiforova et al., 2004) . Radiation exposure results in extensive DNA damage, including double-strand breaks and chromosomal rearrangements (Goodhead, 1994; Ward, 1995) . One of the most common radiationinduced human papillary thyroid cancer (PTC) is characterized by the fusion of the intracellular kinaseencoding domain of RET to the first 101 amino acids of a gene named H4(D10S170) giving rise to the oncogene named RET/PTC1 (Fusco et al., 1987; Grieco et al., 1990; Ron et al., 1995) . PTC shows a dose-response onset following ionizing radiation (IR) exposure (Caudill et al., 2005) as the spatial contiguity of RET and H4 chromosomal loci might be responsible for the high frequency of RET/PTC1 radiation-induced rearrangements in human thyroid cells (Pierotti et al., 1992; Nikiforova et al., 2000) .
H4(D10S170) gene product is a ubiquitously expressed 55 kDa nuclear and cytosolic protein, phosphorylated by extracellular signal-regulated protein kinase following serum stimulation with no significant homology to known genes (Grieco et al., 1994; Celetti et al., 2004) .
The 60 amino acid fragment of the H4 coiled-coil domain included in the RET/PTC1 product has been shown to be necessary for homo-dimerization, constitutive activation and transforming ability of the oncoprotein (Tong et al., 1997; Jhiang, 2000) . New rearrangements involving H4(D10S170) gene have been reported (Kulkarni et al., 2000; Schwaller et al., 2001; Puxeddu et al., 2005) , suggesting that H4 gene has high susceptibility for recombination.
Even though the function of H4(D10S170) wild type (wt) has not been clarified, we reported the involvement of this gene in apoptosis and the ability of its truncated mutant H4(1-101), which correspond to the portion of H4 included in RET/PTC1, to act as dominant negative on the wt H4(D10S170)-induced apoptosis (Celetti et al., 2004) . Thus, it is possible that the transforming potential of RET/PTC1 is not limited to the RET tyrosine kinase activation, but it may also involve the disruption of the H4 function.
The most important process for the survival of a cell following IR is the repair of DNA double-strand breaks (DSBs) (Leskov et al., 2001) . The product of the ataxia telangectasia mutated (ATM) gene, a major regulator of cellular responses to DNA damage, plays an essential role in maintaining genome stability (Kastan and Lim, 2000; Bakkenist and Kastan, 2003; Shiloh, 2003; Lee and Paull, 2004) .
Our results show that H4(D10S170) protein is phosphorylated by ATM kinase after etoposide treatment or ionizing irradiation exposure and provide the first evidence of a functional relationship between H4(D10S170) gene product and ATM kinase.
Results
DNA damage induces ATM-mediated phosphorylation of H4(D10S170) protein in vitro H4(D10S170) protein was present in immunoprecipitates from unirradiated cells transfected with ATM ( Figure 1a) .
The requisite target sequence for phosphorylation by ATM (a serine or threonine followed by glutamine residue) (Kim et al., 1999; O'Neill et al., 2000) was present in H4(D10S170) as threonine at position 434 followed by a glutamine, Q, as predicted by ProfileScan primary sequence analysis (Figure 1b) (Obenauer et al., 2003) . The GST-H4-PR (Proline-Rich region, nt 1231-1428) containing threonine 434 (TQ) was good in vitro substrate for the wt ATM kinase (Figure 1c ). The caffeine pretreatment impaired the H4-PR phosphorylation by wt ATM.
GST-H4 Bam-Sma fragment containing threonine 191, threonine 205, serine 323 and serine 325 was minimally phosphorylated by ATM. A GST-p53 peptide served as positive control and was efficiently phosphorylated by wt ATM (Figure 1c ). H4(D10S170) is induced by DNA damage in a ATM-dependent manner To investigate the H4(D10S170) involvement in the DNA damage signalling pathway, we explored whether H4(D10S170) expression was induced by different genotoxic stress. Cells treated with ionizing irradiation, bleomycin or etoposide (Figure 2a and b) showed increased levels of H4(D10S170) protein. As shown in Figure 2b , when cells were not treated with a DNAdamaging agents, the proteasome inhibitor MG132 led to significantly higher H4(D10S170) protein levels. Moreover, in the presence of MG132, levels of H4(D10S170) were not further increased upon etoposide treatment.
In myc-H4(D10S170) wt, each of the putative phosphorylation sites were altered (from serine/threonine to alanine) and the phosphorylation status and stabilization of the mutant derivatives assessed in cells treated with etoposide. The protein level of H4 were immunoprecipitated and then immunoblotted with the anti-phospho-S/T-ATM/ATR substratespecific antibody (anti-P-S/T). Upon etoposide treatment, in contrast to wt H4(D10S170), immunoprecipitated H4 T434A was poorly recognized by the anti-phospho ATM substrate-specific antibody and then poorly phosphorylated ( Figure 2d ). This evidence strongly indicate that the threonine 434 of H4(D10S170), embedded in the consensus sequence for ATM, is substrate phosphorylated by ATM kinase following stress exposure.
We hypothesized that ATM controls the abundance of H4 through an extended half-life. In HeLa cells exposed to cycloheximide, a potent inhibitor of mRNA translation, we found that etoposide led to a marked increase in H4(D10S170) half-life in comparison to H4 T434A mutant and to untreated controls ( Figure 2e ). Thus, H4 induction must occur at least in part through its post-translational stabilization, possibly through inhibition of its degradation, as shown above.
Phosphorylation of H4(D10S170) at Thr 434 governs intracellular localization
In untreated cells, H4(D10S170) had a nuclear and cytosolic localization (Figure 3Aa ): we observed an increase in nuclear staining intensity occurring after etoposide treatment (Figure 3Ac ), which is correlated to the increased level of H4(D10S170) protein previously shown ( Figure 2 ). A similar effect was observed with exogenous H4, again exhibiting enhanced nuclear staining in cells treated with etoposide ( Figure 3Ag) . Notably, the H4 T434A was excluded from nuclei, being localized mainly to the cytosol and treatment of cells with etoposide failed to alter its localization (Figure 3Ai and k).
H4(D10S170) location and phosphorylation in A-T cells
Given the suggested role for ATM kinase in the phosphorylation and regulation of H4(D10S170) protein, we were interested in evaluating H4(D10S170) expression in ataxia telangectasia cells. In ataxia telangectasia lymphoblast cell lines (GM 01526 (A-T)), endogenous H4 localized to the cytoplasm and was excluded from the nucleus; etoposide treatment had no effect on this distribution (Figure 3Ce and g) compared to controls (GM 02184 (WT)) (Figure 3Ca and c).
No phosphorylation of the GST-H4-PR fusion protein was detected in A-T lymphoblasts up to 6 h after exposure to 10 Gy of IR, as shown in vitro kinase assay ( Figure 3B ), thus suggesting that the mechanism of threonine 434 phosphorylation following ionizing irradiation is defective in A-T lymphoblast cells. In irradiated GM02184 normal lymphoblast cells, GST-H4-PR fusion protein was efficiently phosphorylated. Phosphorylation by ATM was specific since a caffeine (1 mM) pretreatment completely impaired this phosphorylation.
Expression of H4 mutants, H4(1-101) and H4 T434A , increased cells survival following exposure to ionizing irradiation In order to investigate whether H4(D10S170) can modulate the cell response to DNA damage, the transient inhibition of DNA synthesis, after 1 h exposure to 10 Gy of ionizing irradiation in cells expressing wt or mutant H4(D10S170), was assessed. 293 T cells transiently transfected with vectors expressing H4 wt or H4 mutants, like the H4(D10S170)-encoding portion of RET/PTC1 oncogene, H4(1-101), or H4(D10S170) with the threonine 434 mutated in alanine, H4 T434A , were exposed to g-radiation and analysed for 3 H-thymidine , heterodimerizing with H4wt, was able to co-immunoprecipitate efficiently the wt H4(D10S170) protein (Figure 4c ), behaving as dominant negative on H4wt protein function and conferring growth ability to the cell in long-term colony assay.
Phosphorylation of Thr 434 is required for apoptosis in response to DNA damage To assess the functional significance of the interaction between H4(D10S170) and ATM kinase, we examined the involvement of ATM in H4-induced apoptosis. Transient expression of H4(D10S170) gene product was associated with induction of apoptosis in thyroid cells. TPC-1 cells, which harbours the RET/PTC1 rearrangement and have lost the expression of the normal unrearranged H4(D10S170) allele (Jossart et al., 1996) , transiently transfected with H4(D10S170)wt, showed impaired apoptosis if pretreated with 50 nM wortmannin, 1 mM caffeine and 10 mM KU55933 (Hickson et al., 2004) , known inhibitors of ATM kinase activity (Figure 5a ). In addition, in TPC-1 cells, H4 T434A expression had a dominant negative effect on H4wt-mediated apoptosis (Figure 5a ). Moreover, Annexin V staining showed that introduction of H4(D10S170)wt into etoposide-treated TPC-1 cells increased the level of apoptotic cells, whereas introduction of the dominant negative H4
T434A mutant reduced the level of apoptotic cells (Figure 5b) . These results indicate a role for ATM kinase in contributing to H4-mediated apoptosis.
Silencing of H4(D10S170) gene product increase cell survival, DNA synthesis and mitotic cell population after exposure to genotoxic stress To determine H4(D10S170)'s role, we used small interfering RNAs (siRNAs) in the form of two independent, non-overlapping, 21-base pair RNA duplexes that target H4(D10S170) to inhibit its expression (insert in Figure 6a ). In the first instance, we evaluated the cell viability on HeLa cells transfected with siRNA oligos and treated or not with several DNA-damaging agents: the H4i-345 and H4i-419 oligos were able to confer growth advantage to the cells in comparison to the scrambled oligo (Figure 6a ). Moreover, clonogenic survival, which is the method of choice to determine cell viability after treatment with IR, showed that HeLa cells, transfected with H4-siRNA oligonucleotides (H4i-345, H4i-419), after 0-6 Gy IR exposure appeared radioresistant compared with cells transfected with scrambled vector (Figure 6b ). Replicative DNA synthesis was assessed in HeLa cells, 1 h after 10 Gy doses of IR were given: unlike the control cells, H4(D10S170)-inhibited cells showed increased BrdUrd incorporation (Figure 6c) . Then, we irradiated H4(D10S170)-inhibited 
Discussion
In the present study, we hypothesized that H4(D10S170) gene product might be involved in ATM-dependent DNA damage response on account of a high frequency of H4 rearrangements in radiation-induced thyroid tumours (Radivoyevitch et al., 2001; Iliakis et al., 2003; Penserga and Skorski, 2007) and of the predisposition of thyroid cells to genome instability ascribed to their relative resistance to cell death following DNA damage (Little, 2003; Smith et al., 2003) .
Several observations suggest that H4 is regulated by ATM after DNA damage. First, ATM-deficient cells show no H4 phosphorylation, and no nuclear protein in response to g-radiation compared with cells expressing WT-ATM. Second, treatments with ATM inhibitors strongly reduces g-radiation-induced phosphorylation and H4-induced apoptosis. Third, the silencing of H4(D10S170) gene promotes DNA synthesis and induces growth advantage to the cells, even in the presence of IR. In this respect, the H4 (1-101) , that is, the portion of H4 rearranged with RET in RET/PTC1 oncogene behaving as dominant negative on product of unrearranged allele, can elicit proliferative effects and stimulate cell cycle progression in presence of IR.
The fact that phosphorylation of H4(D10S170) is induced by DNA damage designates nuclear H4(D10S170) as a feasible effector protein in the cellular response to DNA damage. In fact, we identified the threonine 434 at COOH-terminus of H4(D10S170) as the ATM phosphorylation target site; moreover, we were able to ascribe the cytoplamic localization, the increase in 3 H-thymidine incorporation and the growth advantage that we observe with the truncated mutant 1-101 in the presence of genotoxic stress, to the lack of threonine 434, and to the dominant negative effect exerted by the first 101 aa of H4 on H4wt gene function. Taken together, these experiments suggest that the presence of the unrearranged H4(D10S170) gene could exert a negative action on cell proliferation and that in tumour progression the loss of the normal allele of this gene might result in growth advantage (Sheils et al., 2000; Fusco et al., manuscript in preparation) . Strikingly, the silencing of H4 gene reproduced the same effects. No foci number differences were observed between scrambled and siRNA H4-transfected cells upon radiation exposure. Nevertheless, no colocalization with anti-phospho-gH2AX has been detected (Supplementary data, Figure S2 , S3). Overall, these results suggest that H4(D10S170) is an ATM substrate involved in the DNA damage-signalling pathway in mammalian cells even if its role in hierarchical branched pathway is unknown and at moment is under investigation. Several targets of ATM kinase that are involved in cellular response to IR have been characterized previously, including p53, Chk2, Mdm2, Nbs1, Brca1, p53BP1 and Smc1 (Kastan and Lim, 2000) . In this report, we add the H4(D10S170) gene product to the list of bona fide ATM targets. Phosphorylation of threonine 434 site appears to be important for cellular growth and survival upon IR exposure. However, the mechanisms by which H4(D10S170) phosphorylation influences these processes remain to be worked out. A time-course fluorescence-activated cell sorter (FACS) analysis would represent a more meaningful assay to determine whether H4 plays a role in IR-induced checkpoints Motoyama and Naka, 2004) . The functional ramification of H4(D10S170) phosphorylation on DNA replication and on DNA recombination needs to be explored, as well.
In conclusion, the results presented here establish H4(D10S170) as a physiological target for ATM kinase in response to DNA damage signalling induced by etoposide treatment or IR exposure and claim that ATM-mediated phosphorylation is involved in apoptosis mediated by H4(D10S170). Considering the high frequency of gene rearrangements involving H4(D10S170) in neoplasia, the identification of the involvement of this gene in DNA damage response and the future identification of the pathway involved will be useful for the establishment of new therapeutic approaches.
Materials and methods

Materials, antibodies
Etoposide, bleomycin, caffeine, wortmannin and KU55933 were obtained from Sigma Chemical Co. (St Louis, MO, USA). Anti-myc and secondary antibodies are from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-(Ser/Thr)-ATM/ATR substrate antibody was from Cell Signaling (Beverly, MA, USA). Anti-phospho-g-H2AX was from R&D Systems (Minneapolis, MN, USA). The anti-H4-(C-17-V) antibodies were generated by immunization of rabbits with OVA-conjugated peptides ((CYKALQEENRD LRKASV), amino acids 84-99). The antibodies were affinity purified by the KLH-conjugated peptide.
Plasmids, GST fusion protein production, expression vectors pCDNA4TO-H4(D10S170) mutants (-T143A, -T191A, -T205A, -T323A, -T325A, and -T434A) were obtained using the Quick Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). H4(D10S170) cDNA fragments corresponding to nt 1231-1428 and to nt 450-1200 were amplified by polymerase chain reaction (PCR) and then subcloned, respectively, in the BamHI-EcoRI and in the BamH1-SmaI H4(D10S170) gene product and DNA damage F Merolla et al restriction sites of pGEX2TK (Amersham, Pharmacia Biotech, Buckinghamshire, UK). The resulting GST fusion proteins (GSTH4PR and GSTH4BS) were produced in BL21 bacteria and purified by glutathione-agarose beads.
pCDNA-Flag ATM wt has been kindly provided by M Kastan.
Cell culture and transfection TPC-1 and 293T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum; HeLa and ataxia telangiectasia cells (B-lymphocyte, GM01526; GM02184; Coriell Cell Repositories, Camden, NJ, USA) were maintained in RPMI (Gibco, Paisley, UK), supplemented with 15% fetal bovine serum. The Fugene reagent (Roche Ltd, Basel, Switzerland) was used to transfect cells accordingly to the manufacturer's instructions.
Western blotting
Western blotting was performed as described (Laemli, 1970; Towbin et al., 1979) . Immunoblotting experiments were carried out according to standard procedures and visualized using the ECL chemiluminescence system (Amersham/ Pharmacia Biotech).
In vitro kinase assays Cell extracts were prepared from 293T cells which had been transfected with FLAG-ATM. Cleared supernatants were immunoprecipitated with anti-Flag M2 antibody (Sigma Chemical, Co.). In vitro kinase assay for ATM were performed as described earlier (Canman and Lim, 1998) . Immunoprecipitated Flag-ATM was confirmed by Western blot with anti-Flag antibody. Radio-labelled proteins were visualized and quantitated on PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA). For endogenous ATM kinase reactions, endogenous ATM was immunoprecipitated with ATM monoclonal antibody (NB104, Novus Biological, Inc., Littleton, CO, USA), and in vitro kinase reactions were carried out.
Precipitation of
3 H thymidine-labelled DNA with trichloroacetic acid Cells were plated at 1 Â 10 5 /4 cm glass dish. At 1 h before harvesting, cells were labelled with 1 mCi/ml 3 H thymidine. Cells were lysed in 25 mM Tris-HCl pH 8.0, 25 mM ethylenediaminetetraacetate, 0.5% sodium dodecyl sulfate. Then, 60% trichloroacetic acid (TCA) was added to a final concentration of 12%. Precipitated nucleic acids were collected and the amount of radioactivity was counted after the addition of Ecolume scintillant. Each experiment was carried out in triplicate.
Flow cytometry
For DNA content assessment, cells were harvested when subconfluent, fixed in 70% ethanol for 1 h at À201C, washed in phosphate-buffered saline, and then stained in a solution of propidium iodide (PI) (50 mg/ml) and RNaseA (25 mg/ml) for 30 min in the dark at room temperature. For Annexin V (BD, Pharmingen, EremBodegem, Belgium) apoptosis assay, we stained cells simultaneously with fluorescein isothiocyanate (FITC)-Annexin V and non-vital dye PI according to the manufacturer's instructions. The percentage of the M-phase cells was determined by staining with PI and antibody to phospho-histone H3 (P-H3) (Cell Signaling, Beverly, MA, USA), followed by FITC-conjugated secondary antibody (Jackson Immunoresearch Laboratories, West Grove, PA, USA). Samples were analysed with a CyAnTM ADP flow cytometer (DakoCytomation, Glostrup, Denmark) using an argon-ion laser tuned to 488 nm measuring forward and orthogonal light scatter. Data were acquired by Summit s software and analysed with Modfit s software.
Clonogenic assays
Cell lines were plated in triplicate at limiting dilutions into sixwell plates, incubated for 24 h, and then exposed to a range of doses of ionizing irradiation (0-6 Gy) followed by incubation for 2 weeks. Before counting colonies, cells were fixed in 95% methanol and stained with crystal violet. A population of more than 50 cells was counted as one survived colony. The mean colony counts7standard errors are reported.
Indirect immunofluorescence
The indirect immunofluorescence was performed as previously described (Celetti et al., 2004) .
WST-1 colorimetric assays
To determine cell viability, a tetrazolium salt WST-1 assay was performed as directed by the manufacturer (Roche).
Bromodeoxyuridine incorporation
The BrdUdr incorporation has been performed as suggested by the manufacturer (BrdUrd Labeling and Detection kit, Boehringer Mannheim, Germany).
RNA silencing
Small inhibitor duplex RNAs targeting human H4(D10S170) were designed with a siRNA selection programme available online at http://jura.wi.mit.edu/siRNAext/ and were chemically synthesized by PROLIGO (Boulder, CO, USA). Sense strand for siRNA-345 targeting was (H4i-345) 5 0 -CAGGG CUGAGCAGGAAGAAGA AU-3 0 , and sense strand for siRNA-419 targeting was (H4i-419) 5 0 -AAACCCUUGCU GUAAAUUAUG AG-3 0 . As a control, a non-specific siRNA duplex containing the same nucleotides in an irregular sequence (scrambled) was used. The day before transfection, 1 Â 10 5 cells were plated in 60-mm dishes in medium supplemented with 10% fetal bovine serum and without antibiotics. Transfection was carried out using 100 nmol siRNA and Oligofectamine reagent (Invitrogen, Groningen, the Netherlands) following the manufacturer's instruction.
